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An ab initio analysis of the periodic array of Au/Si nanostructure composed of gold clusters linked to silicon quantum dot
(QD) co-doped by aluminium and phosphorus along [111] direction is presented in this paper. The density functional theory
(DFT) is used to compute the electronic structure of the simulated system. Non-adiabatic coupling implemented in the form
of dissipative equation of motion for reduced density matrix is used to study the phonon-induced relaxation in the simulated
system. The density of states clearly shows that the formation of Au–Si bonds contributes states to the band gap of the
model. Dynamics of selected photo-excitations shows that hole relaxation in energy and in space is much faster than electron
relaxation, which is due to the higher density of states of the valence band.
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1. Introduction

Silicon nanostructures have attracted intensive attention due
to their extraordinary properties, such as excellent elec-
tronic/optical/mechanical properties [1], and can be used
in various areas ranging from solar cells in photovoltaic
industry [2] to biological sensing of DNA and proteins in
biology [3]. To fully make use of these Si nanostructures,
doping is of great importance [4]. A p–n junction, which is a
key component in semiconductors devices, such as diodes,
solar cells and LEDs, can be formed by the close con-
tact of n-type doped silicon and p-type doped silicon [5].
Vapour–liquid–solid (VLS) mechanism [6] is one of the
most widely used methods to synthesise silicon nanowires
(SiNWs). Typically, SiNWs are synthesised by introduc-
ing the volatile silane (SiH4) gas into the Si/Au nanoclus-
ter wafer, in which Au nanoclusters serve as catalysts [7],
and the growth direction of SiNWs is usually along [111]
direction [6,7]. Recent advances in nanotechnology have
enabled to design hybrid materials through combination of
nanoscale metal and semiconductor building blocks. Such
hybrid metal/silicon materials have much wider applica-
tions due to additional functionalities. On the experimental
side, Khajehpour et al. synthesised a gold-on-porous sili-
con hybrid material with highly sensitive surface-enhanced
Raman spectroscopy (SERS) response [8]. Fan et al. syn-
thesised a hybrid gold/silicon nanowire photodetector with
strong and tunable optical responses [9]. Su et al. synthe-
sised gold nanoparticle-decorated SiNWs with strong opti-
cal absorbance in the near-infrared (NIR) spectral window,
which could be used as NIR hyperthermia agents for cancer
photothermal therapy [10].
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On the other hand, there have been numerous theoreti-
cal studies on the electronic structure, doping and phonon
modes of Si nanostructures [11,12]. Computational mod-
elling of metal nanostructures is also reported. Specifi-
cally, Meng et al. reported the hydrogen dissociation from
a charged Pt cluster modelled by ab initio molecular dy-
namics [13]. Neukirch et al. reported the first time-domain
ab initio study of relaxation of plasmon excitation through
the phonon channel in a silver quantum dot (QD) [14].
However, few theoretical studies have been performed on
hybrid metal nanoparticle/silicon nanostructures, especially
on the simulation of phonon-induced relaxation of photo-
excited electrons and holes in these hybrid metal nanopar-
ticle/silicon nanostructures.

We have reported theoretical calculations of the optical
properties of different types of silicon nanostructures rang-
ing from crystalline to amorphous silicon nanostructures
[15]. Here, we present the theoretical studies on the optical
and electronic properties of periodic array of Au/Si nanos-
tructure along [111], in which aluminium and phosphorus
co-doped silicon QD is inserted into gold nanoclusters.
The density functional theory (DFT) is used to compute the
electronic structure of the simulated system. Non-adiabatic
coupling implemented in the form of dissipative equation
of motion for reduced density matrix is used to study the
phonon-induced relaxation in the simulated system. The
combination of Redfield theory with on-the-fly coupling
of electron-to-lattice by the molecular dynamics trajectory
based on DFT provides a better tool to study the electronic
relaxation [16]. The density of states (DOS) clearly shows
that the formation of Au–Si bonds contributes states to the
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band gap of the model. In addition, simulated results show
that for selected photo-excitations, the electron is promoted
from aluminium to phosphorus in the photon-mediated pro-
cess and then recombines to the ground state through golden
bridge. In addition, it is observed that the hole relaxation is
faster than electron relaxation. The spatial arrangement of
periodic array of Au/Si nanostructure prompts that this set
up does model the short circuit current.

2. Methods

The electronic structure is determined by using DFT [17]
implemented in the Vienna ab initio simulation package
(VASP) [18]. Kohn–Sham (KS) equations are employed to
self-consistent DFT functions to obtain better approxima-
tion. The main equation is a fictitious one-electron KS [19]
equation:

(
− �

2

2m
∇2 + v

[{
�RI

}
, �r, ρ (�r)

])
ϕKS

i

({
�RI

}
, �r

)

= εi

({
�RI

})
ϕKS

i

({
�RI

}
, �r

)
, (1)
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. In Equation (1) we

find set of one-electron orbital’s ϕKS
i (r) and their energies εi.

The orbitals are combined with orbital occupation function
fi for constructing the total density of electrons as

ρ (�r) =
∑

i

fiϕ
KS∗
i (�r) ϕKS

i (�r) . (2)

The total density determines the potential as

v[�r, ρ] = δ(Etot[ρ] − T [ρ])

δρ
, (3)

which is defined as functional derivative of the total en-
ergy in respect to variation of the total density and includes
interactions of electrons with ions, and three electron inter-
actions: Coulomb, correlation and exchange. Rectangular
brackets symbolise functional. Equations (1)–(3) are solved
in the iterative, self-consistent manner by using VASP soft-
ware according to Perdew–Burke–Ernzerhof (PBE) [20,21]
form of the generalised gradient approximation (GGA) [20]
with the projected augmented wave (PAW) formalizm [22].

DOS, absorption spectrum, band energy, molecular dy-
namic fluctuation and non-adiabatic coupling can be ex-
tracted from VASP calculations. The DOS for all orbitals
n(ε) for occupied orbtials n′(ε) can be expressed as

n(ε) =
∑

i

δ(ε − εi), (4a)

n′(ε) =
∑

i

fiδ(ε − εi), (4b)

where εi is the KS energy of a given orbital, and the in-
dex i corresponds to each orbital calculated by using DFT.
Occupied orbitals n′(ε) are filled with red, while unoccu-
pied orbitals n(ε) have no fill. Here, fi ≤ 1

2 , i ≤ HOMO
for the valence band, while fi ≥ 1

2 , i ≥ LUMO for the con-
duction band (CB). The band gap is defined as band gap =
|εLUMO − εHOMO|. In Equation (4), δ (ε − εi) is the Dirac
delta function, modelled by a Lorentzian function:

δ(x) = 1

π

σ

σ 2 + x2
, (5)

where σ is a parameter with the same dimensions as the
argument of the delta function which gives the width of the
distribution. The value σ = 0.05 eV was used to simulate
spectral line broadening in an experimental measure of the
DOS. The absorption spectrum can be expressed as

a(ε) =
∑
ij

fij δ(ε − 	εij ), (6)

where fij is the oscillator strength which describes the tran-
sition probability from the initial state i to the final state j,
and is defined as

fij =
∣∣∣ �Dij

∣∣∣2 4πmevij

3�e2
, (7)

where me is the mass of an electron, � is Planck’s reduced
constant, vij is resonant frequency and e is the charge of the
electron. �Dij is the electric dipole moment matrix element
for the transition between the initial state i and the final j
state. �Dij can be expressed as

�Dij = e

∫
ϕKS∗

i �rϕjd�r. (8)

Electronic structure of atomic models was explored at
equilibrium-optimised geometry and along nuclear trajec-
tory { �RI (t)} modelling system interfacing a thermostat. Po-
sitions of ions enter DFT equations as parameters as in
Equation (1).

Electronic dissipative transitions
( dρjk

dt

)
diss

are com-
puted along molecular dynamics trajectory for positions
of ions

{ �RI (t)
}

with initial conditions for positions{ �RI (t = 0)
}

and velocities
{

d
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}

representing am-
bient temperature. On-the-fly non-adiabatic couplings are
computed along nuclear trajectory as
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+ h.c. (9a)
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An autocorrelation function of the coupling is maximal at
t = 0 and decays rapidly thereafter

Mijkl(τ ) = 1

T

∫ T

0
dtVij (t + τ )Vkl (t) . (9b)

A Fourier transform of coupling autocorrelation function
[23] provides partial components � ±

�+
lj ik =

∫
dτ Mljik(τ ) exp(−iωikτ ), (9c)

�−
lj ik =

∫
dτ Mljik (τ ) exp(−iωlj τ ). (9d)

These partial components add together and compose Red-
field tensor, which controls dynamics of density matrix:

Rijkl = �+
lj ik + �−

lj ik − δjl

∑
m

�+
immk − δik

∑
m

�−
jmml,

(9e)
(

dρjk

dt

)
diss

=
∑
lm

Rjklmρlm. (10)

Specific initial excitations by a photon, �AB = εB − εA,
occur between orbitals A and B. This excitation is described
by density matrix at time t = 0

ρij (0) = δij (fi − δiA + δjB). (11a)

Time evolution of electronic state is calculated by solving
the equation of motion as follows:

ρ̇ij = − i

h̄

∑
k

(Fikρkj − ρjkFki) +
(

dρij

dt

)
diss

. (11b)

Electronic transitions are facilitated by thermal fluctua-
tions of ions. Numerical solution of Equation (11b) pro-
vides time-dependent elements of density matrix ρkj (t). Of
special importance are diagonal elements ρjj (t), which de-
termine time-dependent occupations of KS orbitals. With
the above information, charge density distribution, rate of
energy dissipation and rate of charge transfer can be calcu-
lated. Specifically, the distribution of charge as a function
of energy reads

n′′ (ε, t) =
∑

i

ρii (t) δ (ε − εi) . (11c)

The difference of above and equilibrium distribution (see
Equation (4b)) provides comprehensive explanation of elec-
tron and hole dynamics. The change of the population with
respect to the equilibrium distribution is then expressed as

	n (ε, t) = n′′ (ε, t) − n′ (ε) . (11d)

This equation describes a population gain when δn > 0
and a loss when δn < 0 at energy ε, which corresponds to
the electron and the hole parts of an excitation. Finally, the
time evolution of the population of the lowest unoccupied
molecular orbital (LUMO) as well as the highest occupied
molecular orbital (HOMO) can be fitted to the following
equation:

Pe(h)(t) = 1 − exp

(
t

τ e(h)

)
, (12)

where e and h refer to the electron in the CB and the hole
in the valence band, respectively. The constant τ e(h) rep-
resents the average relaxation time for the electron (hole),
and thus the dynamics of the electronic relaxation. Below,
we use index e with understanding that equations for holes
are the same for electrons. Expectation value of energy of
a carrier (electron or hole):

〈	εe〉 (t) =
∑

i

ρii(t)εi(t). (13)

The above formula can be rewritten to dimensionless en-
ergy:

〈Ee〉 (t) = 〈	εe〉 (t) − 〈	εe〉 (∞)

〈	εe〉 (0) − 〈	εe〉 (∞)
. (14)

Assuming single exponential fit of the energy dissipa-
tion,

〈Ee〉 (t) = exp {−ket} . (15)

Energy dissipation rate can be expressed as follows:

ke = {
τ e

}−1 =
{∫ ∞

0
〈Ee〉 (t) dt

}−1

. (16)

3. Results and discussion

Figure 1 shows the optimised geometry of the simulated
systems. Each model is optimised in VASP software with
DFT by using periodic boundary conditions (PBC). Panel
(a) shows the optimised geometry of periodic array of Au/Si
nanostructure with a repeating unit (-Au19-Si36Al1P1H36-
Au19-). To reduce computational expense, we started with
a minimalistic model. In the original model, we place dop-
ing in any available location away from surface. Replacing
inner, four-coordinated silicon atom with either Al or P
seems to be more common in experiment. Since the model
is very small, any other arrangements would place at least
one doping ion at the surface. Surface dopings may con-
tribute additional mechanisms of relaxation and act as a
kind of inorganic atomic ligands for Si quantum dots [24]
overcoming the bulk Si band gap limitation [25]. Increase
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Figure 1. Optimised geometry of three different simulated systems: (a) periodic array of Au/Si nanostructure spreads along [111]
direction, (b) Au38 cluster and (c) Al and P co-doped Si QD. Vertical z-axis is used to identify space regions filled by different materials.
Yellow, dark yellow, orange, white and grey spheres represent Au, Si, P, H and Al, respectively. All models are enclosed in PBC boxes.

in distance between co-dopants affects formation energy
and increases radiative lifetime [12,26]. There are two frag-
ments in the atomic model of the periodic array of Au/Si
nanostructure. The first one includes Al and P co-doped
silicon QD with a formula of Si36Al1P1H36. As shown in
Figure 1(a), there are four atomic layers of silicon. In the
original model, dopants are placed into two middle layers
of silicon and are in close proximity to each other. Alterna-
tive placements of doping are discussed in SI. The second
architecture is the 38-atom gold cluster, which linked to
the Si QD. The shape of the Si QD is elliptical, while the
shape of the gold cluster is roughly spherical. The Si QD
is elongated in [111] direction, and both dopants and gold
cluster spread along this direction. Such geometry is of
great interest since it mimicks a possible experimental sit-
uation. Specifically, VLS method can provide fabrication
of Si NWs extended in the [111] crystallographic direction.
Our simulation could be a model to determine the impact of
the gold contacts in this method. The optimised geometry
is characterised by interatomic distances and distribution of
interatomic distances, as illustrated in Figure S2 (available
as supplemental data in the online version). At the inter-
face, the Au–Si distances have the average value of 2.4868
Å, which is close to the value of 2.47 Å, reported in the
literature [27]. These distances can be interpreted as co-
valent bond formation. According to Figure S2 (available
as supplemental data in the online version), such distances
are seen in periodic array of Au/Si nanostructure and are
absent in the Au38 and Al and P co-doped Si QD models.

We also explore the total energy for several placements
of dopants into different atomic layers of silicon. The ex-

plored configurations are labelled according to the pres-
ence of doping at each of four atomic layers of silicon.
Each model is labelled by four symbols. For example, the
model, in which both Al and P are placed into the middle
layers of silicon but are not in direct contact, is labelled as
–Si-Al-P-Si-. All explored models are shown as inserts in
Figure S1 (available as supplemental data in the online ver-
sion). According to Table S1 (available as supplemental
data in the online version), one can see the following trend
in the total energy:

Etot(−Al − Si − Si − P−) < Etot(−Al − Si − P − Si−)

< Etot(original) < Etot(−Si − Al − Si − P−)

< Etot(−Si − Al − P − Si−). (17)

The total energy depends on both factors: proximity of
dopants to each other and proximity of dopants to Au. In-
terestingly, in a configuration where co-dopants are not in
direct contact and do not interface gold (-Si-Al-P-Si-), the
total energy is the least preferred. The DOS and partial
density of states (PDOS) of such models with different po-
sitions of dopants can be found in Figure S1 (available as
supplemental data in the online version).

Panels (b) and (c) in Figure 1 show the optimised ge-
ometry of Au38 cluster and Al and P co-doped Si QD with
a formula of Si36Al1P1H42, respectively. The Au38 cluster
is derived from the periodic array of Au/Si nanostructure
by deliberately omitting other atoms without changing the
orientation of Au atoms and the size of the supercell. The
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478 Y. Han et al.

Figure 2. Density of states and partial density of states of three different systems at 0 K. Panels (a) DOS and (d) PDOS of periodic array
of Au/Si nanostructure; panels (b) DOS and (e) PDOS of Au38 cluster; and panels (c) DOS and (f) PDOS of Al and P co-doped Si QD.
Energy gap Eg(Au–Si) = 0.2810 eV, Eg(Au) = 0.1515 eV and Eg(Si) = 2.5395 eV. Red, blue, orange, purple and green represent Al, Au,
H, P and Si, respectively, for panels (d)–(f).

structure of co-doped Si QD is the same as previously re-
ported [28].

Figure 2 shows DOS and PDOS of three different sys-
tems. It shows clearly that DOS of periodic array of Au/Si
nanostructure has some features of DOS of both Au38 clus-
ter and Al and P co-doped Si QD. The features of silicon
part are modified. In addition, new features are introduced,
owing to the fact that electronic states are largely affected by
incorporating gold atoms into vicinity of Al and P co-doped
Si QD. It could be noted that the DOS of periodic array of
Au/Si nanostructure and Au38 cluster show vanishing band
gap, since some of the gold orbitals are supposed to be sur-
face states [29]. On the basis of PDOS of periodic array of
Au/Si nanostructure, it can be concluded that the states in
valence band (VB) are mainly attributed to Au, while the
states in CB are mainly attributed to both Au and Si. The
contribution of dopant near band gap is not obvious. How-
ever, PDOS of Al and P co-doped Si QD reveals that the
contribution of dopants to the states near band gap is clear.

Such observation further proves the influence of formation
of hybrid silicon–gold orbitals. DOS of periodic array of
Au/Si nanostructure cannot be obtained by a superposition
of DOS of Au38 cluster and DOS of Al and P co-doped Si
QD. Thus, it is reasonable to assume that electronic struc-
ture of periodic array of Au/Si nanostructure is affected by
an interaction of Si and Au parts and has two types of con-
tributions: (i) specific states contributed by compensation
of dangling bonds and formation of chemical bonds at Au–
Si interface and (ii) mutual shift of energies of Si bands by
Au and Au bands by Si, related to band bending at Au–Si
interface.

Figure 3 shows absorption spectra of three different
simulated systems at 0 K. It shows that in the range from 0
to 2.8 eV, the absorption spectrum of periodic array of Au/Si
nanostructure is similar to that of Au38 cluster, as can be
seen from peaks g, f of panel (a) and peaks g’, f ’ of panel
(b). In the same range, no absorption is observed for Al
and P co-doped Si QD, indicating that the main contributor
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Figure 3. Absorption spectra of three different systems at 0 K. Panel (a) periodic array of Au/Si nanostructure with the most probable
optical transitions labelled. Panel (b) Au38 cluster and panel (c) Al and P co-doped Si QD. Absorption features a–f of the Au/Si nanostructure
are similar to absorption features g’–f’ of Au nanostructure and a”–e” of Si nanostructure.

is gold cluster. However, the small peaks around 1.1 and
2.1 eV are only observed in the spectrum of Au38 cluster.
The peak shift and absence of small peaks in the spectrum
of periodic array of Au/Si nanostructure might be due to
contribution of dangling bonds between Si and Au atoms.
In the range from 2.8 to 6.0 eV, the absorption spectrum of
periodic array of Au/Si nanostructure is similar to that of Al
and P co-doped Si QD, and the absorbance of gold cluster is
relatively low, indicating that silicon is the main contributor
in this range. Interestingly, only one broad absorption peak

(peak a around 5.2 eV) presents in the spectrum of periodic
array of Au/Si nanostructure, while two peaks (around 4.8
and 5.6 eV) are observed in the spectrum of Al and P
co-doped Si QD. Such changes are probably due to the
formation of Au–Si bonds.

Figure 4 shows the fluctuation of the vibrational energy
of KS orbital εi(t) from HO-20 to LU + 20 along molecu-
lar dynamics trajectory for periodic array of Au/Si nanos-
tructure. Each colourful line represents a distinct KS or-
bital. EFermi, which is labelled by the black dashed line,
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Figure 4. Panel (a) fluctuation of KS orbital energy εi(t) as a
function of time for periodic array of Au/Si nanostructure. EFermi

is labelled as the black dashed line. These results are acquired
from ab initio molecular dynamics simulations at 300 K over
1000 fs. Panel (b) examples of autocorrelation functions for non-
adiabatic coupling matrix elements, according to Equation 9(b).
Shown are autocorrelation functions Mijkl(τ ) for i = k and j = l,
for the following pairs of orbitals: i = HO-2, j = HO-1 (green),
i = HO, j = LU (blue), i = LU and j = LU + 1 (red). Interestingly,
all of them decay abruptly within 5 fs.

is found at −4.9338 eV. Figure 4(a) is consistent with
Figure 2 by adding the value of alpha + beta to obtain
the absolute eigenvalues (i.e. corrected EFermi = EFermi +
alpha + beta = −2.5023-2.4315 = −4.9338 eV). In
Figure 2, the DOS is very large at energies E < −4.0 eV,
which is about 1.5 eV below the EFermi. In Figure 4(a), the
orbital energies are very close to each other at energies E <

−6.4 eV, which is also about 1.5 eV below EFermi. In ad-
dition, it should be noted that no distinction between HO
and LU can be found in Figure 4(a), since the energy gap
between HO and LU is small (about 0.2810 eV). Details
about the molecular dynamics of periodic array of Au/Si
nanostructure can be found in [30].

Figure 4(b) illustrates several examples of Mijkl (τ ) –
the autocorrelation function of electron-to-lattice non-
adiabatic interaction computed according to Equation (9b).
Amplitude of these functions provides an intensity of dis-
sipative electronic transitions for given indices i,j,k,l. In-
terestingly, for any tested combination of indices the au-
tocorrelation function decays abruptly within less than 5
fs. This observation justifies Markovian approximation and
time-independent form of relaxation kernel in Equations
(9e)–(10).

Results of electron and hole dynamics of periodic array
of Au/Si nanostructure upon photo-excitation energy about
4.2286 eV corresponding to feature c of Figure 3(a) are
presented in Figure 5. Panel (a) shows distribution of charge
as a function of energy and time. It is noted that there
are multiple intermediate states during electron relaxation,
while few or no intermediate states are observed during
the hole relaxation. It is observed from panel (a) that hole
relaxation is much faster than electron relaxation. Hole
relaxation completes after 0.7 ps, while electron relaxation
completes after 4.3 ps, as recorded in Table 1. This result
is consistent with the computed DOS of periodic array of
Au/Si nanostructure, in which the DOS for VB is much
higher than that of the CB. The higher DOS is responsible
for the smaller energy gap between electronic states and
provides more relaxation channels. Figure 5 shows that
upon initial photo-excitation, electron resides in LU + 44
and hole resides in HO-8, at t ≈ 5 fs. At t ≈ 300 fs, the
electron and hole relax to the intermediate states LU + 42
and HO-5, respectively. At the final stage t ≈ 20 ps, the
electron occupies LU and the hole occupies HO. Panel (b)
provides details on electron dynamics in space. It shows
that electrons transfer from Al to P, and finally relax to
Au. Panel (c) shows hole dynamics in space. It shows that
hole dynamics for 100 fs < t < 1 ps have same average
energy but different spatial localisation. This result is due

Table 1. Non-adiabatic dynamics computation of energy dissipation rates ke, kh and kex for different excitations, according to Eq. 16.

Label in Hole Electron iH = iE = Oscillator Transition kex =
Fig. 3 orbital, i orbital, j HO-i + 1 j-HO strength energy ke,ps−1 kh,ps−1 ke + Kh, ps−1

a 267 346 37 43 0.833757 5.0456 0.2260 1.6290 1.8550
b 295 349 9 46 0.996108 4.2452 0.2238 1.3876 1.6114
c 295 348 9 45 0.029416 4.2286 0.2302 1.3876 1.6178
d 284 327 20 24 0.564501 3.7529 0.1879 1.8862 2.0741
e 300 345 4 42 0.423519 3.6294 0.2270 1.2613 1.4883
f 302 330 2 27 1.129521 2.5494 0.1938 1.6389 1.8327
g 298 310 6 7 5.204847 1.6108 0.2346 1.1532 1.3878

D
ow

nl
oa

de
d 

by
 [

th
e 

L
A

N
L

 R
es

ea
rc

h 
L

ib
ra

ry
] 

at
 1

6:
10

 2
5 

A
ug

us
t 2

01
4 



Molecular Physics 481

Figure 5. Representative relaxation dynamics of periodic array of Au/Si nanostructure upon photo-excitation energy about 4.2286 eV.
Panel (a) shows distribution of charge as a function of energy and time, with colour code red, green, blue representing electron, equilibrium
distribution, and hole. Dashed and solid lines indicate expectation values for energy, calculated in an energy space distribution for
conduction and valence bands, respectively. Panel (b) provides details on electron dynamics in space. Panel (c) shows hole dynamics in
space. The range of time is the same for all three panels.

to several occupied orbitals of Si and Au which are very
close in energy. Electron and hole dynamics in space also
confirm that hole relaxation is much faster than electron
relaxation and both hole and electron finally relax to the
gold cluster. Actually, it is found that for HO about 86% of
the charge is localised on Au, and for LU about 96% of the
charge is localised on Au.

Pairs of occupied and unoccupied KS orbitals partici-
pating in the electron and hole dynamics induced by low-
energy optical transitions at 4.2286 eV excitation for the
atomic model of periodic array of Au/Si nanostructure are
visualised in Figure 6. Interestingly, panel (g) in Figure 6
illustrates HOMO having non-zero charge density in space
between Au and Si atoms. The bonding character of HOMO
is an indirect indication of Au–Si chemical bond formation.

The reaction of hole transfer to gold can be expressed in
Equation (18a), and is quicker than the reaction of electron
transfer to gold in Equation (18b):

Si(∗)Au(0) → Si(−)Au(+), (18a)

Si(∗)Au(0) → Si(+)Au(−). (18b)

It should be noted that actual dynamics is more complicated
(see Table 1, non-adiabatic coupling computation of energy
dissipation rates ke, kh and kex in different excitation), and
the details of role of Al and P doping are discussed in SI.

A possible physical explanation for the charge carrier
dynamics is that Au/Si interface is polarised. Silicon side of
interface, in ground state, is enriched with positive charge
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Figure 6. Pairs of occupied and unoccupied KSOs contributing to low-energy optical transitions, for the atomic model of periodic array
of Au/Si nanostructure. Red, green, blue, yellow and dark blue stand for Si, H, Au, P and Al, respectively. Black dashed circles pointing at
Al and P atoms. Grey clouds represent isosurfaces of KSO. Panels (a), (b), (d), (e), (g) and (h) show partial charge density of a given KSO.
Panels (c), (f) and (i) show partial charge density integrated over the x,y direction, as a function of z; The transition HO-8 to LU + 44 at
transition energy 4.2286 eV is represented by panels (a)–(c) and corresponds to label c in Table 1. Panel (a) shows partial charge density
of HO-8. Panel (b) shows partial charge density of LU + 44. Red and green in panel (c) represents 1D projection of orbital HO-8 and
LU + 44 on Z-direction, respectively. The transition HO-5 to LU + 42 is represented by panels (d)–(f). Panels (d) and (e) show partial
charge density of HO-5 and LU + 42 orbitals, respectively. Panel (f) represents projections of orbitals on z-direction. Red and green in
panel (f) stand for HO-5 and LU + 42 orbitals, respectively. The transition HO to LU is represented by panels (g)–(i). Panels (g) and (h)
show partial charge density of HO and LU orbitals, respectively. Panel (i) represents projections of orbitals on z-direction. Red and green
in panel (i) stand for HO and LU orbitals, respectively.
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that favours electron transfer from Au to Si and disfavours
electron transfer from Si to Au. A possible quantum chemi-
cal explanation is that DOS of VB of Au is higher than DOS
of CB of Au. The last statement is supported by numerical
data as follows. The numerical values of DOS at different
energies, defined in Equation (4a), are evaluated at energies
EVB < ECB and are found to follow a specific inequality,
n(EVB) > n(ECB). Here, EVB corresponds to energy near and
below Fermi energy of the Au part of the material. EVB <

EFermi, ECB corresponds to energy near and above Fermi en-
ergy of the Au part of the material. ECB > EFermi. Energies
enter as arguments in the inequality for DOS values.

4. Conclusion

In summary, we have presented theoretical studies of min-
imalistic model of periodic array of Au/Si nanostructure.
Results of DOS of periodic array of Au/Si nanostructure,
Au38 cluster, and Al and P co-doped Si QD indicate that
additional states will be introduced due to gold contacts.
The absorption spectra show that periodic array of Au/Si
nanostructure has features contributed by both Al and P
co-doped Si QD and Au38 cluster. Non-adiabatic coupling
allows studies of the hole and electron dynamics of peri-
odic array of Au/Si nanostructure and shows what happens
after electrons are excited into CB leaving holes in VB
upon initial photo-excitation. During the relaxation pro-
cess, electrons and holes migrate in energy and in space
and the electronic excitation is converted into vibrational
energy. Moreover, hole relaxation in energy and in space
is much faster than electron relaxation, which is due to the
higher DOS of the valence band. The microscopic informa-
tion that holes arrive earlier than electrons to gold electrode
is rather important for nanoelectronics. It would be inter-
esting to explore if these calculated properties affect the
photoconductivity of such periodic nanostructure [31].
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